Background: Evaluating the accuracy of estimated glomerular filtration rate (eGFR) derived from serum creatinine (SCr) and serum cystatin C (SCysC) equations requires gold-standard measures of GFR. However, the influence of imprecise measured GFRs (mGFRs) on estimates of equation error is unknown.
A
ccurate quantification of kidney function is central to the diagnosis, management, and research of chronic kidney disease (CKD). Glomerular filtration rate (GFR), which can be measured (mGFR) or estimated (eGFR), assesses one of the most important aspects of kidney function. 1 mGFR computed from the clearance of injected exogenous markers (eg, iodine 125 [ 125 I]-iothalamate) is associated with little bias and usually is used as the gold standard for GFR. 2 However, often it is not appreciated that mGFR varies substantially because of measurement error and physiologic day-to-day variations in kid-ney function. Furthermore, the impact of this variability is largely unstudied.
In clinical practice, GFR usually is not measured directly because of the cost, invasiveness, and possible radioactive exposure associated with mGFR procedures. Alternatively, eGFR is computed from serum concentrations of endogenous markers, such as serum creatinine (SCr) and serum cystatin C (SCysC). 3, 4 Although estimating GFR is less expensive, less cumbersome, and more practical for clinical use than measuring GFR, endogenous filtration markers are affected by factors other than GFR (non-GFR determinants). 5 Equations have been developed to calculate eGFR by regressing mGFR on SCr level and demographic information, which acts as a surrogate for some non-GFR determinants. For example, the Modification of Diet in Renal Disease (MDRD) Study equation includes age, sex, and race as indicators of muscle mass to provide relatively unbiased estimates, especially in populations with eGFR Ͻ60 mL/min/1.73 m 2 using SCr level alone. 6 A large pooling project recently reported that 75%-88% of eGFRs derived using the MDRD Study equation were within 30% of mGFR values in various clinical populations. 7 Later studies have indicated that GFR equations combining SCr and SCysC levels further improve the precision of GFR estimates. [8] [9] [10] As the accuracy of GFR estimation equations increases, characterizing the differences between eGFR and mGFR becomes important. Imprecision in the gold standard, mGFR, may occur because of limitations in the accurate measurement of urine volumes and times, iothalamate concentration, and incomplete bladder emptying. In addition, mGFR reflects a short-term clearance period, 2 hours for urinary iothalamate, which differs from the person's average GFR because of physiologic day-to-day and diurnal fluctuation. Although eliminating the imprecision in mGFRs must improve the apparent accuracy of eGFR equations, the magnitude of this effect is unknown. We hypothesized that imprecision in mGFRs contributes to a significant proportion of the cases in which mGFR and eGFR differ substantially (by Ͼ30%). This study extends our previous work, 8 which developed equations for estimating a single mGFR using SCr and SCysC levels, by quantifying the effect of more precise mGFR values on equation accuracy.
METHODS

Data Sources
The Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) is a National Institute of Diabetes and Digestive and Kidney Diseases (NIDDK)-supported research team that develops and validates improved estimating equations for GFR by pooling data from research studies and clinical populations. 7, 11, 12 Our study focused on individual patient data from 2 multicenter randomized clinical trials with data for repeated GFR measurements. The MDRD Study included men and women aged 18-70 years with CKD who were not on dialysis therapy and had not had a kidney transplant, whereas the AASK (African American Study of Kidney Disease and Hypertension) included African American men and women of the same age who had hypertensive kidney disease and GFR of 20-65 mL/min/1.73 m 2 . 13, 14 The institutional review boards of all participating institutions approved the study.
To be eligible for inclusion in these analyses, participants must have had 2 prerandomization mGFRs and measurements of SCysC and SCr. The 2 mGFRs include: (1) a single reference mGFR collected from the prerandomization reference visit when SCr and SCysC also were assayed, and (2) another prerandomization mGFR collected from the visit closest to the reference mGFR visit (Fig 1) . This yields 1,046 participants from the MDRD Study and 979 participants from AASK. For MDRD Study participants, the single reference mGFR was collected during the third visit before randomization (visit B3) to determine study eligibility (13-55 mL/min/1.73 m 2 ). The other prerandomization mGFR was Figure 1 . Timeline of glomerular filtration rate (GFR) measurements in the African American Study of Kidney Disease and Hypertension (AASK) and Modification of Diet in Renal Disease (MDRD) Study. Symbols indicate mean period of randomization (rectangle), collection of reference prerandomization mGFR visit (diamond) when serum creatinine and serum cystatin C also were measured, collection of another prerandomization GFR (circle), and collection of the first postrandomization mGFR (triangle).
collected at the first visit (B0), a mean of 104 Ϯ 19 (standard deviation [SD] days; range, 36-153 days) before visit B3. For AASK participants, the single reference mGFR was collected during visit G1 to determine study eligibility (20-65 mL/min/1.73 m 2 ). Participants were invited for another prerandomization mGFR 2 weeks later (visit G2) regardless of SCr level. After excluding 30 AASK participants because their G1 and G2 mGFRs were more than 45 days apart, we had 949 AASK participants with 2 prerandomization mGFRs that were separated by a mean of 15 Ϯ 8 days. A third mGFR collected from the closest visit after randomization in both studies also was included in the analysis to determine the effect of 3 stable mGFRs on estimates of equation accuracy.
Measurements
In the MDRD Study and AASK, GFR was measured as the weighted mean of 4 timed voluntary 125 I-iothalamate urinary clearances of 25-35 minutes' duration. 8, 15 Comparisons of 125 I-iothalamate clearances to urinary clearance of inulin, the reference standard for GFR measurements, showed high correlations. 16, 17 SCr was assayed using the Beckman rate-Jaffé method based on the alkaline picrate reaction (reference range, 0.8-1.4 mg/dL) and calibrated to standardized SCr values measured at the Cleveland Clinic Research Laboratory. 18 Results of the calibration procedure have been described previously. 11, 19 To measure SCysC, stored serum specimens were thawed in 2005-2006 after being frozen at Ϫ70°C since collection. Samples were assayed at the Cleveland Clinic Research Laboratory using a particle-enhanced immunonephelometric assay (N Latex Cystatin C; Dade Behring, www.dadebehring.com). Interassay coefficients of variation (CVs) were 5.05% and 4.87% at mean concentrations of 0.97 and 1.90 mg/L (72.7 and 142.3 mol/L), respectively. 8 SCysC has been shown to be robust to multiple freeze-thaw cycles. 20 
Model Evaluation
We evaluated the accuracy of 3 existing equations: the 4-variable isotope-dilution mass spectroscopy-traceable MDRD Study equation (eGFR MDRD 8 In addition, we included as an additional test mGFRs collected at the other prerandomization visit.
These 4 index tests were analyzed for their ability to predict increasingly precise reference tests to reflect true kidney function. These reference tests include the single reference mGFR collected at the same visit that SCr and SCysC in the equations were obtained, the average of 2 mGFRs, and the average of 3 mGFRs. We also varied the reference test by limiting the analysis to study participants with consistent mGFRs (Յ25% difference between the reference and other mGFRs). We report the error of the index tests by considering the percentage of eGFRs from the 4 models that is outside 30% of the gold standard (1 Ϫ P 30 ) and by the regression root mean squared error (RMSE). Derived from the regression of logarithmically transformed GFR, RMSE is the standard deviation of the distance between the gold standard and eGFR (y-ŷ). Because both the eGFR and mGFRs were modeled on the log scale, 100 ϫ RMSE approximates the standard deviation of the percentage of difference between the estimate and the gold standard, approximating the CV for mGFR. By using 1 Ϫ P 30 and the logarithmic transformation of GFR, we account for the expectation that the absolute magnitude of errors increases proportionately with GFR level. To define the significance of the difference in 1 Ϫ P 30 values, we used McNemar 2 tests for matched pairs to compare models using 1 reference mGFR and those with multiple and/or consistent mGFRs. To define the significance of RMSE differences, we used paired t tests to compare squared residuals derived from the regression of logarithmically transformed GFR. We similarly defined the significance of 1 Ϫ P 30 and RMSE differences between those with consistent and inconsistent mGFRs using Fisher exact test for proportions and unpaired t tests, respectively. Comparing models that used a single reference mGFR with the average of 3 mGFRs, we limited the sample to those with 3 mGFRs. All analyses were conducted using STATA (version 10.1; www.stata.com).
RESULTS
The study population included 1,995 participants with 2 mGFRs obtained during the baseline visits of the AASK and MDRD Study. Of these participants, 1,746 (88%) individuals had consistent mGFRs (Fig 2) . Three mGFRs were available for 1,268 individuals, with 973 (77%) having both other mGFRs consistent with (Յ25% difference) the reference mGFR. Table 1 lists characteristics of the MDRD Study and AASK participants and the combined study population. Mean reference mGFRs from the MDRD Study (n ϭ 1,046), AASK (n ϭ 949), and combined study participants (n ϭ 1,995) were 33 (5th-95th percentile, 14-57), 46 (5th-95th percentile, 24-64), and 39 mL/min/1.73 m 2 (5th-95th percentile, 15-63), respectively. Mean SCr levels from MDRD Study, AASK, and combined participants were 2.5 Ϯ 1.1, 2.0 Ϯ 0.7, 2.3 Ϯ 1.0 mg/dL. Mean SCysC concentrations from the MDRD Study, AASK, and combined participants were 2.2 Ϯ 0.8, 1.7 Ϯ 0.6, and 2.0 Ϯ 0.7 mg/dL, respectively.
Mean mGFRs tended to be similar across groups, but given the large sample size, even small differences were statistically significant. mGFRs at the other prerandomization visit were approximately 1 mL/min/1.73 m 2 higher than in the reference visit, possibly caused by regression to the mean because the reference mGFR was used for study eligibility. Participants with a third mGFR measured after randomization (Fig 1) had a slightly lower (1-3 mL/min/1.73 m 2 ) mean mGFR compared with prerandomization mGFRs. These participants also had a slightly lower mGFR than participants who only had 2 mGFRs. The subgroup of participants with consistent mGFRs generally was similar to the overall group. However, given the large sample size, mean values for several characteristics were significantly different between those with consistent and inconsistent mGFRs (Table 1) . Table 2 lists the performance of the MDRD Study, CKD-EPI SCysC, and CKD-EPI SCrSCysC equations and the other prerandomization mGFR in predicting progressively more precise gold standards within the MDRD Study, AASK, and combined populations. We focus on results from the combined study population (listed in the last 4 columns); within-study analyses yielded similar trends, although findings often were less statistically significant in the AASK.
Before excluding participants with discrepant prerandomization mGFRs ( Table 2 ; left-hand 1 Ϫ P 30 and RMSE columns), we observe that the 4 models (considered in order of listing) performed progressively better in predicting: (1) a single mGFR, (2) the average of 2 mGFRs, and (3) the average of 3 mGFRs. The model using the other prerandomization mGFR was excluded from analysis in the last 2 reference tests because this prerandomization GFR measurement was part of the averaged mGFRs, thus biasing its evaluation. In all cases, we found that the MDRD Study equation (1 Ϫ P 30 ϭ 12.1%; RMSE ϭ 0.196) performed better than the CKD-EPI SCysC equation (1 Ϫ P 30 ϭ 17.1%; RMSE ϭ 0.223) in predicting a single reference mGFR. Consistent with our previous publication, 8 we also found that the CKD-EPI SCr-SCysC equation, which uses 2 markers, had greater accuracy in predicting mGFR (1 Ϫ P 30 ϭ 8.3%; RMSE ϭ 0.180) than the MDRD Study equation and CKD-EPI SCysC equation, which use single markers. To provide a context for understanding the accuracy of eGFR, we have found that the gold-standard mGFR collected 62 days from the reference mGFR outperforms all eGFRs in predicting a single mGFR with a 1 Ϫ P 30 value of 8.0% and RMSE value of 0.167. This 1 Ϫ P 30 value is 6.4% if one develops a GFR estimate using regression of the reference mGFR on the other prerandomization mGFR (RMSE stays the same). Figure 3 shows the general pattern of mGFR variations. This graph of the difference between the 2 prerandomization mGFRs versus their average shows greater differences at higher levels of kidney function, supporting the use of percentage differences and log transformation of mGFRs.
As the precision of the reference test increased by averaging 2 or 3 mGFRs, the calculated accuracy of all eGFR equations improved. As the reference test was improved from a single mGFR to the average of 2 mGFRs, the improvement in 1 Ϫ P 30 was significant for the CKD-EPI SCysC equation (P Ͻ 0.001) and CKD-EPI SCr-SCysC 
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Body surface area (m 2 ) 1. Abbreviations and definitions: mGFR, measured glomerular filtration rate; P 30 , percentage of estimated GFR within 30% of the gold-standard reference test; RMSE, root mean squared error; SCr, serum creatinine; SCysC, serum cystatin C. a mGFRs excludes those that differed from the reference mGFR by Ն25%. b P Ͻ 0.05 or c P Ͻ 0.001, when comparing individuals with consistent and inconsistent mGFRs. 1 Ϫ P 30 tested using 2 (eg, when the average of 2 mGFRs is the reference test, using the CKD-EPI SCysC equation model in the combined population, 1 Ϫ P 30 ϭ 13.7% when limited to the 1,746 with consistent mGFRs vs 20.1% in the 249 participants with inconsistent GFRs [P ϭ 0.02], leading to an overall 1 Ϫ P 30 of 14.5% in all GFRs). RMSE tested using unpaired t test of the squared residuals. Symbols are placed in column of consistent mGFRs.
d Biased estimate because the prerandomization mGFR (nonreference visit) also was used to define consistent GFRs. e P Ͻ 0.05 or f P Ͻ 0.001, in a paired test compared with the same model when a single mGFR is used as the reference in the same population sample. 1 Ϫ P 30 tested using McNemar 2 for paired proportions (eg, using the CKD-EPI SCysC equation model in the combined population, 1 Ϫ P 30 ϭ 14.5% when the average of 2 mGFRs is the reference test vs 17.1% when single mGFR is the reference test [P Ͻ 0.001]; when using the CKD-EPI SCysC equation model in the combined population, 1 Ϫ P 30 ϭ 13.5% when the average of 3 mGFRs is the reference test vs 10.6% in the CKD-EPI SCysC model limited to the 1,268 participants with 3 GFRs and for which a single mGFR is the reference test [P ϭ 0.07]). RMSE tested using paired t test of the squared residuals.
equation (P Ͻ 0.01). When the average of 3 mGFRs was used as the reference, accuracy improved and estimates of 1 Ϫ P 30 and RMSE decreased; however, in this smaller sample, the improvement was statistically significant for only the continuous RMSE analysis. For the 1,268 individuals with 3 mGFRs, the accuracy with which the CKD-EPI SCr-SCysC equation predicted the average of 3 mGFRs was similar to the performance of the other prerandomization mGFR in predicting the reference mGFR (1 Ϫ P 30 ϭ 5.7%; RMSE ϭ 0.159 vs 1 Ϫ P 30 ϭ 7.1%; RMSE ϭ 0.156).
When the analysis was repeated limited to only participants with consistent mGFRs (Table 2; right-hand 1 Ϫ P 30 and RMSE columns), the accuracy of all equations was better. The percentage of eGFRs from the 3 estimation equations (MDRD Study, CKD-EPI SCysC, and CKD-EPI SCr-SCysC) that differed from a single reference mGFR by Ն30% decreased by 8%, 12%, and 18%, whereas RMSE decreased by 4%, 5%, and 6%, respectively (P Ͻ 0.05 comparing the 1,746 individuals with consistent mGFRs with the other 248 participants with prerandomization mGFRs that differed from the reference mGFR by Ͼ25%). Combining both approaches by using the average of consistent mGFRs as the reference, the accuracy of GFR-estimating equations improved further. For example, the CKD-EPI SCr-SCysC equation had a 1 Ϫ P 30 of 5.6% and RMSE of 0.166, comparable to the similarity of 2 prerandomization mGFRs (1 Ϫ P 30 ϭ 8.0%; RMSE ϭ 0.167). Using the average of 3 consistent mGFRs as the reference, we eliminated 34%, 27%, and 53% of the large errors, defined using 1 Ϫ P 30 , from the MDRD, CKD-EPI SCysC, and CKD-EPI SCr-SCysC equations, respectively. The CKD-EPI SCr-SCysC model had a 1 Ϫ P 30 of only 3.9% and RMSE of 0.146. Many, but not all, comparisons were statistically significant. Figure 4 shows the improvement in accuracy with progressively more precise gold standards. Analyses testing GFR estimation in the MDRD Study and AASK populations separately had similar results. Unlike measures of precision (RMSE) and accuracy (1 Ϫ P 30 ), GFR estimation regression equation coefficients were similar whether a single mGFR or progressively more precise gold standards were used in their development (data not shown).
Although measures of precision and accuracy were different when the precision of the gold standard increased, the GFR-estimation equations were similar. The difference between eGFR calculated using an equation developed with 1 mGFR and the average of 2 mGFRs as the gold standard was 0.5 Ϯ 0.4, indicating that most differences were Ͻ1 mL/min/1.73 m 2 . 
DISCUSSION
GFR measured as clearance of exogenous filtration markers is the gold standard for developing GFR-estimating equations. Current estimating equations are relatively unbiased, but imprecise, in CKD populations (GFR Ͻ60 mL/ min/1.73 m 2 ). In this study, we tested the hypothesis that imprecision in gold-standard mGFRs contributes substantially to the estimated error in GFR-estimation equations. To our knowledge, no study has quantified the impact of imprecise mGFRs on kidney function-estimation equations. Using data from 2 longitudinal randomized clinical trials (the MDRD Study and AASK), we determined the accuracy of estimating a reference 125 I-iothalamate mGFR by another mGFR 2 months away. We found that mGFRs an average of 62 days apart had substantial variability across visits, with 8.0% of mGFRs Ͼ30% away from the reference mGFR (1 Ϫ P 30 ; RMSE ϭ 0.167; SD of percentage of difference ϭ 18.9). Nonetheless, this repeated gold-standard mGFR performed better than eGFRs from the MDRD Study, CKD-EPI SCysC, and CKD-EPI SCrSCysC equations. However, use of averaged and consistent mGFRs as "better" gold standards in model development reduced up to half of the large (Ͼ30%) inaccuracies observed in GFRestimating equations. Using the average of 2 mGFRs as the gold standard, the CKD-EPI SCrSCysC equation (1 Ϫ P 30 ϭ 6.7%; RMSE ϭ 0.166) achieves accuracy similar to a single mGFR estimating a reference mGFR (1 Ϫ P 30 ϭ 8.0% for mGFR and 6.4% for a regression estimate based on the mGFR). From these results, we infer that the level of variation in urinary iothalamate clearance used as the gold standard in our studies substantially impacts on the observed accuracy of eGFR. This holds regardless of the endogenous marker or estimating equation used. Thus, we showed that in CKD populations, although errors in GFR measurement do not bias regression estimates (intercept and slopes) in eGFR equations, they inflate the error estimates and decrease accuracy estimates of eGFR equations.
There are many sources of imprecision in mGFRs, including hour-to-hour and day-to-day variation and deviations from measurement protocol. Furthermore, urinary clearance methods require both urine and blood samples, which may introduce imprecision because of random error in collection and measurement of samples. A previous study conducted by Perrone et al 17 found that between-day CVs of 125 I-iothalamate clearance decreased within the range of 11.6%-16.6%. Another study found a median 6.3% intertest CV for 125 I-iothalamate clearance in the MDRD Study. 21 Using data from the MDRD Study and AASK combined, the CV of 2 mGFRs measured a mean of 62 days apart was 11.9% (data not shown). Studies can improve mGFR precision using accepted techniques, such as ensuring adequate hydration and high urine flow rates, as well as standardized training. Bladder ultrasound devices, which were not widely available during the MDRD Study and AASK, can help check the completeness of voiding.
Imprecise mGFRs do not account for all errors in the estimation equations. As we observed, even with the average of 3 consistent mGFRs as the reference standard, 3.9% of eGFRs differed by Ͼ30% of the gold standard. Such remaining errors in eGFR equations may reflect random variation in non-GFR determinants of SCr and SCysC. Although estimating equations adjust for the average effect of non-GFR determinants represented by age, sex, and race, the interindividual variation in these determinants may contribute to the remaining inaccuracies found within GFR estimates using the MDRD Study equation. 7, 8 Furthermore, SCr level, like mGFR, has been shown to fluctuate throughout the day. 22 These physiologic fluctuations, as well as measurement errors in SCr and SCysC, may account for a substantial portion of the remaining inaccuracies in GFR-estimating equations.
Our study has several limitations. First, our results may be of limited generalizability to other study populations and mGFR protocols. Because the MDRD Study and AASK limited their recruitment populations to patients with CKD, the number of people with eGFR Ͼ90 mL/min/1.73 m 2 was small. Thus, we could not determine the influence of imprecise mGFR on eGFR in healthy individuals, for whom both SCr level and mGFR are likely to have more variability. Similarly, the variability in mGFR may differ across other patient populations (those with end-stage renal failure, kidney transplants, etc). Furthermore, all mGFRs were 125 I-iothalamate urinary clearances. It is possible that increasing precision in technetium 99m-diethylenetriamine-penta-acetic acid (DTPA), ytterbium 169-DTPA, and inulin could diminish or improve the accuracy of the chosen estimating equations.
A second limitation of our study is that mGFRs from different clinical visits were assumed to be equivalent. We could not quantify true variability in mGFR and we recognize that the third postrandomization mGFR included as the gold standard in the average of 3 mGFRs was collected after both eligibility criteria and specific interventions, such as intake of a low-protein diet or administration of angiotensin-converting enzyme inhibitors, may have influenced measurements. Thus, this mGFR may have introduced more "noise" into the evaluation of the true GFR at the reference visit. Mean values for postrandomization mGFRs similar to prerandomization mGFRs suggests that short-term intervention effects are small compared with intraindividual variation. This probably occurs because kidney disease progresses slowly in general. Results of the MDRD Study and AASK clinical trials indicate that average rates of progression in all treatment groups postrandomization were 3.3 mL/min/y and 2.1 mL/min/1.73 m 2 /y, respectively. 23, 24 With Ͼ25% difference as the exclusion criteria of discrepant mGFRs a few months apart, progression of kidney disease (ie, true GFR decrease) is unlikely to be a primary cause of discrepancies. The MDRD Study and AASK had a number of design differences (AASK mGFRs prerandomization were closer, mean GFR was higher, and sample sizes were smaller, particularly for those with 3 mGFRs). Improved precision tended to be smaller in the AASK; however, overall conclusions tended to be similar.
Selection bias may have occurred because patients with more variable GFRs may differ systematically from those with more stable GFRs. However, clinical characteristics of the overall group generally were similar to the subgroup restricted to participants with consistent GFRs. Characteristics that were significantly different between participants with consistent and inconsistent mGFRs generally were related to kidney function rather than other demographic characteristics (Table 1 ). Selection bias also may have occurred because only a subset of individuals had 3 mGFRs. Because patients were excluded from postrandomization visits in part based on GFRs from earlier visits, data may not be missing completely at random. However, results did not change substantially when all models were limited to those with 3 mGFRs.
Last, performance of the MDRD Study, CKD-EPI SCysC, and CKD-EPI SCr-CysC equations may be better in our study because these equations were developed in this study population. However, the intraindividual variation in mGFRs at multiple visits has not been included in the development of these equations. Thus, substantial improvement in estimates of equation accuracy should be observed if the same equations were tested in other CKD populations. In this study, we estimated equation accuracy using percentage estimates that differed Ͼ30% from the reference mGFR (1 Ϫ P 30 ) and RMSE; however, other measures, such as P 20 and P 10 , could provide additional detail. More stringent measures of accuracy will be relevant as additional markers allow better kidney function-estimation equation accuracy.
In summary, this study suggests that a substantial proportion of the reported imprecision of GFR-estimation equations is caused by variability in the gold-standard measurements, such as the we eliminated 53% of instances in which the reference test differed by Ն30% from the CKD-EPI SCr-SCysC eGFR equation. Reducing such sources of error in mGFR is important because equations that use multiple kidney markers, such as the CKD-EPI SCr-SCysC equation, are close to achieving accuracy similar to another goldstandard mGFR. Future studies of GFR estimation should aim to both improve GFR measurement precision and incorporate multiple GFR measurements to distinguish error attributable to GFR measurement rather than estimation. Use of these strategies in developing better GFR-estimation methods and assessing their accuracy will improve CKD diagnostic accuracy, which is central to the development and implementation of cost-effective treatments for decreasing the economic and social burden of CKD.
